This paper proposed that ultraviolet beam could be focused by gallium arsenide (GaAs) through direct excitation of surface plasmon polaritons. Both theoretical analysis and computer simulation showed that GaAs could be a reasonably good plasmonic material in the air in the deep ultraviolet waveband. With a properly designed bull's eye structure etched in GaAs, the ultraviolet electric field could be enhanced to as high as 20 times the incident value, and the full-width-half-maximum (FWHM) of the light beam could be shrunk from ∼48 ∘ to ∼6 ∘ . As a plasmonic material, GaAs was compared to Ag and Al. Within the studied ultraviolet waveband, the field enhancement in GaAs was much stronger than Ag but not as high as Al.
Introduction
Surface plasmon polaritons (SPPs) refer to the coupling between the incident electromagnetic (EM) wave and the collective free electron plasma wave excited and propagating in the surface part of a specific material [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , which is usually called the plasmonic material. Mainly because of the characteristic of intensive EM field enhancement in a small area, especially in the subwavelength scale, the SPP effect has been a hot research topic for years and is widely applied in light beam forming [2, 3] , subwavelength structure [4] , plasma equipment fabrication [5] [6] [7] , biochemical sensing [8] [9] [10] , and other areas. So far, most SPP researches are limited to metal plasmonic materials [5, 11] . However, some researchers are also actively working on nonmetal plasmonic materials, especially semiconductors [12] . This paper proposed that ultraviolet (UV) SPPs could be directly excited in gallium arsenide (GaAs), one of the most popular semiconductor materials. Using an optimized bull's eye periodic structure, the electromagnetic (EM) field could be enhanced and collimated in 125-261 nm range.
Theoretical Derivation
As we know, the SPP wave is the TM wave; using the Maxwell equations and the boundary conditions at the interface where = 0, the following equations can be easily derived:
where refers to the relative permittivity of the plasmonic material, Re( ) is its real part, is the wave factor, footnote stands for direction which is the surface wave propagation direction, footnote stands for direction which is perpendicular to the interface, footnote stands for the plasmonic material, and footnote stands for the surrounding dielectric material. And refers to the relative permittivity of the surrounding dielectric medium.
Use the condition
and consider = 0 in our case; to excite the waves propagating in direction and attenuating in direction, has to be real, but and have to be imaginary; therefore the relative permittivity of the plasmonic material must satisfy the following conditions:
Equation (2) is the necessary condition to excite SPP in the plasmonic material [1, 4, [13] [14] [15] [16] [17] [18] [19] [20] .
Using air as the surrounding medium (relative permittivity equals 1), the relative permittivity of GaAs was calculated and compared with (2) . The relative permittivity parameters of GaAs were calculated based on the original data collected from [21] . It was found that (2) could be satisfied in the range of 125-261 nm. So we focused on this deep ultraviolet waveband for possible SPP excitation at the interface of air and GaAs.
Simulation and Results
Computer simulations using FDTD solutions were designed to study the SPP effect in GaAs. A classic bull's eye structure was used in our simulation. The top view and side view of the simulated bull's eye structure are shown in Figures 1(a) and 1(b), respectively. The plasmonic material formed a thin film with a circular aperture at the center, and a series of periodic concentric-circle shaped grooves were etched from both sides of the thin film. The groove pitch was = 240 nm, the aperture diameter was = 120 nm, the groove depth was = 24 nm on each side, and the thin film thickness before etching was ℎ = 120 nm. The original point was set at the center of the film. The surrounding medium was air. It has been well accepted that, in such a structure, surface plasmonic waves can be excited in both surfaces, and the coupling of them could lead to decent EM field enhancement and collimation, provided suitable plasmonic materials and structure parameters are used [2] . As comparison, a reference at 248 nm is shown in Figures 3(a) and 3(b) . In the reference aperture-only structure, the full-width-half-maximum (FWHM) of the divergence angle was ∼48 ∘ , and, with the bull's eye structure, the FWHM was shrunk to ∼6 ∘ , thanks to the SPP effect.
The far field projection maps of the bull's eye structure and the reference structure at 248 nm incident wavelength are shown in Figures 4(a) and 4(b) , respectively. It can be seen that, with the bull's eye structure, the transmitted light diverges much less, and the intensity at the center is about two orders of magnitude higher. For near-field enhancement, the light intensity at the center of the exit surface is 19 times the incident light with the bull's eye structure.
Both the reduced beam divergence and the EM field enhancement at the center are direct proofs of SPP excitation in GaAs. Figure 4 : The far field projection map generated at 248 nm by (a) the bull's eye structure and (b) the reference aperture-only structure.
Analysis and Comparison
As commonly known good plasmonic materials, Ag and Al were used for comparison with GaAs. The real and imaginary parts of the relative permittivity of Ag and Al were calculated based on the original refractive index data collected from [22, 23] . The calculation results were plotted in Figures 5(a) and 5(b) for comparison with GaAs. It is shown that in the waveband of interest the real part of the relative permittivity of GaAs was negative, which satisfies (2) well, while that of Ag and Al was generally positive or close to zero. This implies that in the ultraviolet waveband GaAs can be as good as or a better plasmonic material than Ag and Al. To further examine the SPP effect of GaAs, another thing to consider is how to quantitatively evaluate the strength of it so as to compare with other materials. The quality factor of SPP, or , is a reasonable figure-of-merit to evaluate it. Physically, the quality factor stands for how well a given plasmonic material can confine the electric field and thus energy within it. For plasmonic materials, can be defined as in the following equation [24] [25] [26] :
The quality factor curves of GaAs, Al, and Ag were thus calculated as shown in Figure 6 . It can be seen from Figure 6 that, generally speaking, the quality factor of GaAs is better than Ag but not as good as Al in the studied waveband.
The above curve comparison provided theoretical reference of the SPP strength for GaAs, Al, and Ag. To verify it by computer simulation, it is preferred to calculate the EM field enhancement quantitatively for all the incident wavelengths in the whole band of 125-261 nm, where SPP excitation in GaAs is expected. The light intensity at 0 ∘ collection angle at the center of the exit air-film interface is a good parameter to represent the EM field enhancement effect or the SPP effect strength. However, at each incident wavelength, there exists an optimal groove pitch to achieve the highest possible electric field. So we simulated different groove pitch at one wavelength to pick up the pitch yielding the highest light intensity and then plot the curve of light intensity versus wavelength, as shown as the "Intensityactual" curve in Figure 7 , to describe the strength of SPP. The result showed that the optimal near-field light intensity could be as high as 20 times the incident light because of the SPP enhancement. The curve of GaAs was also plotted in Figure 7 for easy comparison. It can be seen that the shape and peak position of the curves match well with each other.
It is worth pointing out that an easy way to obtain the optimal groove pitch at each wavelength is to relate it with the surface plasmon resonant wave factor, which can be calculated from the following equation [4] :
where is the surface plasmon resonant wave factor and 0 is the incident wave factor. Equation (4) was used to calculate the optimal surface plasmon resonant wave factor and thus the corresponding optimal groove pitch = 2 / at each incident wavelength between 125 nm and 261 nm. The simulated structure and mesh grid were scaled in proportion, and then the electric field intensity at 0 ∘ collection angle at the center of the exit air-film interface at each incident wavelength was calculated through simulation. Thus calculated intensity versus wavelength curve is also shown in Figure 7 as the "Intensity-calc" curve. Comparison of the "Intensity-actual" and "Intensity-calc" curves shows that, with the help of (4), one can conveniently estimate the peak wavelength of the SPP strength, yet the intensity could be underestimated. A similar simulation was run for Al and Ag using the same bull's eye structure and groove pitch optimization method. The light intensity enhancement curves at the same unit incident intensity for GaAs, Al, and Ag are shown in Figure 8 for comparison. It is shown clearly that GaAs has decent EM field enhancement effect, though not as good as Al. Ag does not show good SPP effect in the studied band. This conclusion complies well with the quality factor comparison result shown in Figure 6 . ∘ collection angle at the center of the exit air-film interface with the optimized groove pitch at each incident wavelength. The green "Intensity-actual" curve is the light intensity simulated with the optimal groove pitch picked up through traversal, while the red "Intensity-calc" curve is the light intensity simulated with the optimal groove pitch calculated by (4).
Conclusion
To conclude this paper, direct SPP excitation in GaAs material in ultraviolet waveband was proposed, simulated, and optimized. It was shown that, in 125-261 nm waveband, SPPs could be directly excited in GaAs, and decent beam focusing effect could be observed with the optimized bull's eye structure. The computer simulation results match well with the theoretical analysis. How to experimentally prove and make use of these results is an interesting topic of further work.
